Effects of stress distribution and its change in vivo on density and orientation of biological apatite (BAp) were investigated in rabbit forelimb bones. Bone mineral density (BMD) and BAp alignment were analyzed by a peripheral quantitative computed tomography (pQCT) and a micro-beam X-ray diffraction system, respectively. The intact original rabbit forelimb bone consisting of an ulna and a radius exhibited a one-dimensional preferential alignment of the c-axis of BAp along the longitudinal direction, but the degree of orientation depended strongly on the distance from the neutral point on the bone cross section. This suggests that the BAp alignment is sensitively controlled by the bending stress in addition to the axial stress along the long bone. In the rabbit model with a 10 mm defect on the ulna, the BAp alignment as well as BMD in the ulna sensitively changed depending on the loading condition during the bone healing in the defect. The BAp alignment decreased and increased during unloading and reloading, respectively. Therefore, it is concluded that not only BMD but also BAp alignment changes depending on the applied stress on the basis of the functional adaptation in bones.
INTRODUCTION
Bones are subjected to more or less in vivo loading. Variation in the stress distribution often contributes to change in bone structure due to its functional adaptation. Numerous researchers have long discussed the relationship between the bone structure and applied stress. In the late 19th century, Wolff suggested that bone functionality is closely related to the internal architecture and the external conformation.1 Roux proposed that appropriate bone structure can support a maximum charge with minimum material. 2 Wolff's and Roux's statements have been borne out so far. When astronauts are exposed to zero gravity during space flight, for example, the bone mass and bone density decrease. [3] [4] [5] In contrast, when animals are overloaded by some kinds of exercise, the bone mass and density increase,6-8 resulting in improvement of mechanical properties.9,10 Thus, bone quantity, especially bone mineral density is a dominant index for responding to the loading condition in vivo.
Bones have a well-organized microstructure which includes main two components: organic type-I collagen fibrils and inorganic biological apatite (BAp) crystallites; these exhibit toughness and hardness of bones, respectively.11 Since the Young's moduli of collagen fiber and apatite (Ap) crystal are quite different to be about 1.5 GPa and 114 GPa, respectively 12,13, the high modulus of Ap supports the bone reinforcement.
BAp has a hexagonal lattice with a space group of P63/m as shown in figure  1A , and shows an anisotropic mechanical property along the a-and caxis as reported by Nakano et al. using a fluorapatite single crystal having a hexagonal structure similar to In this defective model, it could be achieved that an artificial change in applied stress condition was achieved on the residual portion of the ulna: no loading in the initial stage after introduction of the defect but subsequent loading accompanied by new bone formation in the defect. The right ulna was removed together with the neighboring radius (see figure 2A ), and these were preserved in 10 wt.% formalin neutral buffer solution in order to avoid degradation of the organic matrix. They were carefully cut perpendicular to the long bone axis by a circular saw with a diamond wheel, 0.15 mm thick and 75 mm in diameter at the distal site of 25% diaphysis of radius for the X-ray diffraction study. The direct effect of bone regeneration was thus removed from the measured portion. The cross-section of the rabbit forelimb bone is shown in figure 2B . The analyzed section of the specimen was abraded by emery papers Figure 1 . Crystal structure of apatite based on the hcp lattice (figure (A)) and the representative crystal planes of (002), (211), (310) and (213) appearing in the X-ray diffraction profile of biological hard tissues (figure (B)). Figure 3 shows a typical X-ray diffraction profile of an original rabbit ulna. Most peaks agreed with those of the hexagonal hydroxyapatite (JCPDS Card No. 9-432), while the peaks were broadened similar to those from dentin and the other bones due to the relatively low crystallinity of BAp. The diffraction peaks were therefore from a single phase of the biological apatite. Figure 4 shows the intensity ratio of (002)/(310) and BMD at eight positions in the cross-section of radius and ulna as illustrated in this figure. In the diaphysis of long bone, it is known that the c-axis of the BAp crystallites is aligned as a one-dimensional orientation along the long bone axis.18 This suggests that the axial stress along the longitudinal direction contributes to the alignment of the c-axis of BAp. Our present study also showed such a uni-axial preference of the BAp alignment, but the ratio depended strongly on the measured position in the cross-section. At positions marked by 4 and 5 near the contact point between the ulna and radius, for example, the relative intensity ratios were lowest, and they increased with increasing distance from the contact point. Statistical significance (p<0.05) in the relative intensity ratio was detected between positions 1 and 4 in the radius and between positions 5 and 8 in the ulna. In contrast, BMD depended little on the measured portion, while the mean values in the ulna were slightly lower than those in the radius. This suggests that orientation alignment of BAp in the hard tissues is more sensitive to the stress distribution in vivo than BMD, while both alignment and density of BAp are predicted to respond to the stress distribution. This unique distribution of preferential alignment of BAp also implies that stress distribution in the forelimb bones is not as simple as uni-axial load along the longitudinal direction. The long bone is believed to be subjected to complex stress modes in vivo. Joint reaction and muscle forces provide the axial compression, bending, torsion, shearing and their mutual combination on the long bone. Among the various stress modes, the bending is thought to be an important mode in addition to the dominant mode of axial stress. Moreover, even the axial stress applied in the longitudinal direction changes into the bending stress due to the complicated shape of the biological long bone. If a concentric axial load is applied on a simple columnar structure, it causes a homogeneous stress on the cross-section. An eccentric load, however, produces not only axial compression but also bending stress. Indeed, the rabbit forelimb bone used in this study is somewhat curved (see figure 2) along the medial-lateral direction and the joint reaction forces are thought to be eccentric. Thus, the bending stress must be an important stress component on the long bone. In some reports, using the finite element calculation and considering the joint and muscle forces, compressive stress and strain were reportedly applied on one side, and tensile stress and strain were detected on the opposite side of the canine limb bones during walking. [19] [20] [21] This proves that bending is an important mode of mechanical force applied on the long bone in addition to the axial stress.
The bending produces a stress distribution as shown in the following equation 2. Effect of change in loading condition on preferential alignment of BAp Figure 5 shows typical radiographs of the rabbit forelimb bones with a 10 mm defect regenerated for various periods of 4, 10 and 20 weeks after the operation.
At 4 weeks, new bone was formed near both edges of the ulna or along the radius in the defect, but it was not enough to connect the residual ulna through the new bone. After 10 weeks, the defect clearly remained but partial bone formation along the neighboring radius could be observed. The new bone seemed to be predominantly produced near the residual periosteum on the neighboring radius because the radius side of the ulna was touching the radius.
Considering the stress condition in the residual original ulna at 4 weeks, the ulna had not been under loading yet, but loading started again in the ulna within 10 weeks after the operation. Therefore, this animal model is very appropriate to understand the effect of the change in stress condition on bone structure such as the BAp alignment and density in the ulna. Figure 6 shows variations in BMD and the intensity ratio of (002)/(310) as a function of period after the operation. In both points of the ulna, preferential alignment of the c-axis of BAp decreased as well as BMD up to 4 weeks, and increased again with the regeneration period. The decreases in the BAp alignment and BMD up to 4 weeks against the control group at 0 week were statistically significant (p<0.05) in most cases as shown in figure 6 . At the radius side of the ulna, for example, the relative intensity ratio and BMD decreased to 62% and 77%, respectively, from 0 to 4 weeks, and then increased to 96% and 114% of the initial state at 20 weeks. This means that the BAp crystallites with the c-axis along the longitudinal direction in the long bone can be monitored to preferentially disappear with a decrease in BMD at the initial stage of the bone regeneration. Such changes in the BAp orientation and density must be closely related to the variation in stress distribution in the analyzed portion.
Collet el al. reported that a long spaceflight of 6 months induced a significant BMD decrease, but this BMD was restored to the same level as pre-spaceflight during a long recovery period of 6 months after the spaceflight in the cosmonaut cortex of tibia which is a weight-bearing bone. 4 In this study, the ulna was not loaded during the period between 4 and 10 weeks because the new bone did not fill in the defect and did not connect the residual original ulna bones with each other.
At the opposite side of the radius in the ulna, the preferential alignment of BAp and BMD also changed, but the degree of change was not as remarkable during 
CONCLUSIONS
We investigated the relationship between the stress conditions and preferential alignment of BAp in rabbit forelimb bones using micro-beam X-ray diffraction in addition to BAp density (BMD), and reached the following conclusions: 1. In principle, the intact original long bones have a one-dimensional alignment of BAp along the longitudinal direction, but there is a remarkable distribution of degree of the BAp alignment in the cross-section of the rabbit forelimb bones. This means that the bending stress is very important to the BAp alignment in addition to the axial stress along the long bone. 2. Preferential alignment of BAp sensitively changes depending on the loading condition during the bone regeneration as well as BMD. During unloading, the BAp alignment and density decrease simultaneously, and vice versa. This means that the BAp crystallites with the c-axis along the longitudinal direction in the long bone preferentially disappear and appear with a decrease in BMD during the unloading and reloading, respectively, through the bone regeneration. The crystal alignment is therefore related to the bone mechanical function. 
